Biomass has been used as a fuel source for cooking and heating for centuries. Despite the emergence of new, efficient, and clean technologies for cooking and heating, biomass is still the primary source of fuel for poor and rural communities in several low and middle income countries around the world. This review presents the chemical composition, the health effects, and the key factors that would enhance the exposure to the emissions of high concentrations of particulate matter, inorganic, and organic chemical compounds from the use of biomass for cooking and heating. It also reviews a number of intervention programs that have been implemented by governments, non-governmental organizations, and other philanthropic societies, to mitigate the possible health risks due to biomass burning. Such programs include distribution of new cook stoves, more efficient cook stoves, cook stoves with chimneys, distribution of cleaner fuel such as LPG, and electrification, among others. This paper is a narrative literature review with some critical aspects that highlights the updated works published in the past 15 years which are related to the health hazards and intervention programs to mitigate the adverse impact of biomass burning in household environment. It was found that, despite the several efforts and initiatives taken to mitigate biomass environmental pollution, not all programs have met the desired expectations for the reduction in residents' exposure to biomass burning within the World Health Organization (WHO)'s limits. Much more work is required to be done collectively around the globe to improve the efficiency of sustained adoption of such new interventions by the poor and rural communities.
Introduction
It has been estimated that 2.7 billion people rely on the use of biomass as cooking fuel. Biomass (wood, coal, charcoal) is a very common source of fuel for heating and cooking in many poor and rural communities in Asia and Africa (Fig. 1 ) [1] . Biomass is easy to obtain, cheap, has been used traditionally by people for centuries and there has almost been no major change to their cooking style for years. This typically involves placing a cooking vessel over a stove usually made of clay bricks, and the fuel is placed inside the stove (Fig. 2) . However, this practice produces air pollution which is responsible for 3.5 million deaths annually accounting for 4.5% of the global burden of disease [2] . The primary reason for the emission of hazardous pollutants is the incomplete combustion of biomass used for cooking and heating [3] . The concentration of PM from biomass cooking ranges from 500 µg/m 3 to 1000 µg/m 3 with a peaks that can reach up to 30,000 µg/m 3 which is several times higher than the US EPA and WHO limits as shown in Table 1 [4] . , and Envirofit G3355 model in Nepal [6] The exposure to biomass air depends on a number of factors such as emission source (stove and fuel), dispersion of pollutants (characteristics of house and ventilation), and behavior of exposure [5] . Estimates suggest that more than 80% of PM exposure takes place indoors in developing countries [4] . In poor households in cold regions, the cook stove is placed indoors; in a living room, a common kitchen area, or even a bed room where it also acts as a heat source to people living or sleeping inside, *Corresponding Author: risaifan@hbku.edu.qa(Rima J. Isaifan) https://doi.org/10.30799/jespr.139.18040302
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increasing the exposure [5] . While most indoor air pollutants are a result of incomplete combustion, combustion conditions such as temperature, moisture content of fuel, and air flow within the household affect the diffusion of pollutants [6, 7] .
The spatial distribution of the exposure also depends on the physical architecture of the household and physical state of particles i.e. aerosols, gases, etc. [8] . Biomass is thus one of the major causes of poor household air quality. It has resulted in several health impacts to the people -such as lung cancer, acute lower respiratory infections, chronic obstructive pulmonary disease, cataracts, cardiovascular conditions, tuberculosis, and adverse perinatal health conditions [3, 9, 6] . Estimates point that about 4 to 5% of the total global death and disability adjusted life years; the number of years lost due to ill health, from respiratory conditions is associated with solid fuel use [10] .
In this review, studies on the qualification of the composition of biomass-burning induced emissions, its health effects, and intervention programs to mitigate the same are presented. First, a review of the apparatus -the devices, the set-up, and the operating conditions -used to qualify and quantify the pollution is presented. Second, the description of the chemical composition of the emissions as measured by such devices is shown. Third, the health effects from the exposure to these emissions is presented. Fourth, the key factors that influences the exposure of people to these emissions; such as household architecture, external pollution, weather, people's behavior, socio-economic status of the household, and choice of biomass used, are highlighted. This is followed by a review of various intervention programs that have been initiated by several governments, non-governmental agencies, and other philanthropic societies to increase awareness, distribute improved cook stoves, and supply cleaner fuel alternatives to the poor and rural communicates that use biomass as fuel. This section is primarily followed by a discussion about the inefficiencies and the challenges towards the implementation, and sustained adoption of these programs. The paper ends with a critique of research work reviewed, with suggested recommendations and improvements for future intervention programs by the government and research community to reduce the exposure to these harmful pollutants. They include granting more funds and resources to researchers to help quantify the effectiveness of intervention programs, assess the health impacts prior and post intervention, and provide a continuous support system of services such as improving ease of access, affordability, improving awareness and education to aid the poor and rural communities to switch to a cleaner fuel source.
Experimental Methods
In this section, the various methodologies employed to detect and measure various pollutants in several research studies are presented.
In a study done to quantify PM2.5 exposure from cooking using biomass to adults and children in rural households in Sri Lanka, researchers used two PM monitors per household; one on the cook, and the other on the cook stove which was used to monitor the PM concentration in the vicinity of the kitchen and was also used as a surrogate to measure the exposure of the children [11] .
In a study in Ghana, researchers quantified the spatial distribution of PM particles in various households in different neighborhoods with people of varying socio economic status (SES) in the capital city, Accra [12] . The monitors were set 1.2 m above roofs which were usually between 4 and 7 m high. While the monitors recorded PM data over a 48 hour period, samples were collected as well over the same 48 hour period on Polytetrafluoroethylene (PTFE) filters (Pall Life Sciences; Teflon, 0.2 mm pore size, 37-mm diameter) using Harvard Impactors. Blanks and samples were collected regularly. The filters were conditioned for temperature and humidity variations (20.5±0.2 ᶛC, 39±2% RH, 24 hours) and were then measured for weight after and before the measurements on a Mettler Toledo MT5 microbalance. Elemental concentrations were quantified by energy dispersive X-ray fluorescence (ED-XFG) using a Shimadzu EDX-700HS spectrometer (Shimadzu Corp., Japan). Black Carbon was estimated using reflectance coefficients on Teflon filters using an EEL smoke stain reflectometer (Model 43D by Diffusion Systems Ltd) [13] .
In Southern Italy, researchers monitored PM concentrations for 48h periods for 6 households that used biomass for cooking [7] . They collected PM10 samples every 12 h (4 samples per house over the 18 hours) with a sequential air sampler on polycarbonate fiber filters that were installed in front of the cooking stove, and ventilation sources, at a height of 1 -1.5m (Fig. 3) . The samples were stored in a freezer for determining polycyclic aromatic hydrocarbons (PAH) and analyzed using gas chromatography equipped with a Programmable Temperature Vaporization (PRV) injection system and with a quadrupole mass spectrometer. The identification of each PAH was performed using perylene as the internal standard. The PM10 concentration was quantified by an optical particle counter while ultrafine particles (5.6 nm to 560 nm) were quantified using a fast mobility particle sizer. Real-time volatile organic compound (VOC) concentration and total PAHs were monitored by a PID PhoCheck TIGER. Fig. 3 (a) and (b) Instrument position in two houses [7] .
In Nepal, a research team built a mock house made with bamboo, mud, tree branches, and logs, with a closeable window, and one room, mimicking the architecture of households in Nepal for their study on the influence of household architecture on exposure of residents to pollution from biomass burning (Fig. 4) . The house had a roof that was made with tile and grass. The stoves were installed on the rear wall of the house. The researchers measured real-time PM with a passive nephelometer (DataRAM pDR-1000AN, Thermo Scientific, Franklin, MA), Carbon Monoxide (CO) with an EasyLog USB CO Monitor (Lascar Electronics, Eerie, PA), and relative humidity (RH) with a HOBO Data Logger (Onset Corp., Bourne, Ma). Measurements were taken before, during, after the simulations, and were recorded in 10 s intervals. Two fuel types -wood and wood-dried animal manure-crop residue were used. The instruments were placed 1 m from the stove and at a height of 1.8 m. The cooking experiment included bringing two pots of 5 L of water to a boil. Once done, the fuel was extinguished and taken outdoors. A number of tests were performed for each of the alternative cook stoves and they were all conducted in Spring 2012 i.e. the dry season of the year with high outdoor temperature and low humidity [6] . 4 Mud house built in study area in Nepal [6] In Tirupur, South India, real time monitoring in 80 households was conducted with DustTrack Aerosol Monitor Model 8520 (TSI Inc, Shoreview, MN, USA) for PM2.5 particles at flow rate of 1.7 L/min. The CO levels were measured using Draeger pump (Model 21/31) which measured CO from lower limit of detection of 2.47 mg/m 3 up to 74 mg/m 3 [14] . 
A
In Peru, researchers evaluated the efficiency of two programs that distributed improved cook stoves with chimney i.e. programs A and B (Fig.  5) . In program A, a local organization provided a three-part setup for the cook stove -3 pot stove, an aluminum tube, and an aluminum chimney and let residents build it. In Program B, a local contractor built the cook stoves. They evaluated 48 h PM2.5 and CO exposure before and after the intervention program and collected ambient air concentrations. To collect personal exposures, they used samplers on the residents and in the kitchen. For the residents, they used a vest fitted with Pac III CO monitor (Draeger Safety Inc, PA) and a sampling pump (SKC Inc. Eight Four, PA. 1.5 L/min) with Triplex Cyclones (BGI Inc., Waltham, MA) that are selective to particle sizes. They collected indoor kitchen samples using a sampling box placed within a meter from the cook stove which was fed air through a PVC tube that was 1.5 m high i.e. approximate breathing height. They limited their study to women, who were the primary cooks, cooked indoors and were of child-bearing age (18-45 years). They also collected 50 mL urine samples to evaluate the PAH concentration, using a liquid-liquid extraction and chromatography with isotope dilution gas and mass spectrometry (GC/HRMS). Roche Hitachi 912 Analyzer was used to measure urinary creatinine with Creatinine Plus Array [15] .
Theory
This section provides an overview of the theoretical concepts used by the researchers to quantify their analysis of indoor air quality from biomass burning.
The Daily Exposure Dose Formulas
The US EPA method to estimate the daily exposure and health risk from PM2.5, for children (0 to15 years) an adults comprises of three pathwayschemical daily intake (CDI) that accounts for ingestion through mouth and nose, dermal absorbed does (DAD) that accounts for dermal absorption of toxic metals, and exposure concentration (EC) that accounts for inhalation from their deposition [19] .
where IngR is the ingestion rate (mg/day), EF is the relative exposure frequency (days/year), ED is the exposure duration (years), BW is the average body weight (kg), SL is the skin adherence factor (mg cm -2 /day), SA is the contacted surface area to PM2.5 (cm 2 ), ABS is the dermal absorption factor (unitless), ET is the exposure time (h/day), CF is the conversion factor (unitless), AT and ATn are the average time (days), C is the exposure point metal concentrations associated to PM2.5 (mg/kg or µg/m 3 ). Moreover, the factors used for the exposure calculations are given below:
The reasonable minimum exposure, i.e. 85% upper confidence limit, can be calculated by
where X is the arithmetic mean of the log-transformed data, s represents the standard deviation of the log-transformed data, H is the H-statistic and n is the number of samples [19] .
Risk Characterization
The cancer and non-cancer exposure risk can be estimated using hazard quotient (HW), hazard index (HI), and cancer risk (CR), as follows:
where i represents different toxic chemical species, RfDo is the oral reference dose (mg/kg/day), RfCi is the inhalation reference dose (mg/m 3 ), SFo is the oral slope factor ((mg/kg/day) -1 ), IUR is the inhalation unit risk ((mg/m 3 ) -1 ) and GIABS is the gastrointestinal absorption factor [19] . The hazard index (HI) is calculated for individual species and is defined as the sum of different HQ values. It represents the exposure effects, and the "sum value" represents the overall potential non-carcinogenic effect by multiple species. A value of more than one HI indicates significant noncarcinogenic risk and increases with larger HI values. The elements were classified as follows -As, Cd, Cr, Ni, and Pb (inorganic), Pb (acetate), Cr (VI) and Ni (refinery dust), and Cd (diet) for health risk assessment calculations. HQ and CR parameters are more robust for inhalation route of exposure. Elements such as As, Cd, Cr, and Ni and their compounds are class 1 carcinogens as classified by the International Agency for Research on Cancer. The inorganic Co, and Pb compounds are class 2A and 2B carcinogens (probably carcinogenic to humans). The safe level of cancer risk for risk of cancer from these PMassociated carcinogens is 1 x 10 -6 and 1 x 10 -4 units [19] . The values of parameters involved are provided in Tables 2 and 3 [19] .
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Emission Ratio and Emission Factor
The molar emission ratio (ER) is defined as the ratio of emission of gaseous species (x) relative to CO or CO2. It is determined by dividing ΔX with ΔCO or ΔCO2 [17] . From the ERs, the emission factors (EFs) in units of grams of species X emitted per kilogram of dry biomass burned were derived by the carbon mass balance method that assumes all of the major carbon-containing emissions have been measured [17] .
where FC is the measured carbon mass fraction of the fuel; MMx is the molar mass of species X; AMC is the atomic mass of carbon (12 gmol −1 ); NCj is the number of carbon atoms in species j; n is the total number of measured species; ΔCj or ΔX referenced to ΔCO are the source-average molar emission ratios for the respective species. The carbon fraction was either measured directly or assumed based on measurements of similar fuel types. The denominator of the last term estimates total carbon. The species CO2, CO, and CH4 usually comprise 97-99% of the total carbon emissions [17] .
Analysis of PM Emissions and Chimney Interventions
The overall exfilteration of PME is PME = PMO + PMN + PMC (9) where PME represents the overall PM exfilteration, PMO is the exfilterations through open windows/doors, and PMN is the exfilteration through porous openings in the walls or roof, and PMC represents the exfilteration via a chimney. The chimney is a direct ventilation pathway, while others are considered indirect ventilation pathways. This is depicted below in Fig. 6 . Fig. 6 PM exfilteration pathways for a home using a cook stove with chimney [6] While chimney provides direct pathway for the PM emissions, the PM remaining indoors comprises of PM that deposits indoors and those that are exfiltered through indirect pathways. The PM that remains indoors after accounting for the exfilteration via indirect pathways is:
where the exfilteration fraction represents the fraction of PM exiting due to indirect ventilation [6] . The overall reduction in indoor PM concentrations due to a chimney is Ln (C) = β0 + β1 x stove type + β2 x Window/ Door status + β3 x Fuel + ԑ, where ԑ ~ N (0, σ 2 ), C is the average PM concentration during cooking and Ln (C) represents the natural log transformation of concentration C (transformed to achieve normality) with β1, β2, and β3 representing the log scale change in concentration due to stove type, window/door status, and fuel type respectively. β0 represents initial concentration. The error term ԑ is assumed normally distributed with zero mean and constant variance σ 2 [6] .
Evaluation of the Chemical Composition of the Particulate Matter
Researchers evaluated the chemical composition of PM2.5 and PM10 particles in Accra, Ghana and found that most of the fine particulates (PM2.5) are composed of K, Ni, Zn, Br, Pb, SO4 2-, and black carbon, while the composition of the coarser particulars (PM10) included crustal oxides such as MgO, Al2O3, SiO2, CaO, TiO2, MnO, and Fe2O3. They also analyzed the seasonal patterns and found that most of the crustal (coarse) particles peaked during the Harmattan, a season during which dry and dusty winds from the Sahara desert blow over West Africa from the end of November to March. Among the fine particles, SO4 2-was the lowest in rainy season when the rains remove the water soluble SO4 2-. On the other hand, Na + and Cl -were common in areas close to the sea (sea spray source), and in other areas in non-Harmattan months where sea breeze is the more frequent dispersion mechanism. K + , SO4 2-and black carbon were mostly emitted in areas with high use of biomass fuels, and Br, Pb, and Zn, were common in areas close to roads as they were mostly emitted from vehicle emissions, tire and brake wear, road dust etc. [16] .
In Southern Italy, the researchers monitored over a 48 hour continuous period the concentration of polycyclic aromatic hydrocarbons (PAH) i.e. benzo(a)pyrene, carbon monoxide, nitrogen oxides, formaldehydes, and volatile organic compounds (VOCs). They also found out that the particles emitted depended on the quality of biomass, type of combustion technology, flame management and ignition mode [7] .
In Nepal, researchers evaluated aerosol properties such as albedos for single scattering, emission factors for absorption and scattering coefficients, and absorption Angstrom exponents (ÅAE). These data were used to estimate aerosols black and brown carbon (BC, BrC). Aerosols impact climate change as they absorb and scatter solar radiation, and modify clouds. Measurements of trace gas emission factors (CO2, CO, CH4, non-methane hydrocarbons up to C10, oxygenated organic compounds such as NH3, HCN, NOx, SOx, HCl, HF) were also obtained [17] .
Evaluation of Health Effects
In Sri Lanka, researchers evaluated the health effects of the control group by administering a survey by an investigator from the Sri Lanka Ministry of Health. The survey asked patients to report their respiratory health conditions. It was found that there was a positive correlation in the number of respiratory health conditions the cook and their children had with respect to their PM exposure. Health effects included asthma, coughing, phlegm, and wheezing [11] .
In 3 , the values of the particulate respirable matter RPM (PM2.5) in Inner Mongolia were in excess of 700 µg/m 3 , and those in Gansu were 351-661 µg/m 3 , two poor and rural provinces in China. Coal burning provinces had lower concentrations of 202-352 µg/m 3 in Guizhou, and 187-361 µg/m 3 in Shaanxi), but they were still higher than the US EPA limit. Fig. 7 shows the setup used in the four rural provinces in China [8] . In Guatemala, researchers found that there was a positive correlation between using wood for cooking, the extent that a mother cares for children and cooks at the same time, and cooking indoors, to the negative impact on the respiratory health of children in those households [4] .
In Malawi, researchers found that the use of high-quality firewood while often thought as a "clean" fuel is associated with tightness in chest, and pain, while poor-quality firewood was associated with pains in chest and forgetfulness. Burning crop residues is associated with chest pains, shortness of breath, phlegm, dizziness, and dry eyes. Though the researchers found charcoal emitted less PM than wood and other biomass, they would not recommend switching to charcoal due to diminishing forest reserves, and very high CO exposure from burning it [18] .
In Mozambique, wood as a fuel contributed to PM10 that was twice as that from charcoal and 6 times that of LPG [10] .
In Central India, researchers found that residents in Central India spend an average of 80-90% of their time indoors increase their exposure to elements with high hazardous Index (HI) values such as Co, Cr, Cd, Ni, Mn, and Al. Other elements include As, Hg, Se, V, and F -. The dermal and inhalation exposures of these chemicals were found to exceed the US EPA acceptable limit by 44 times [19] .
In Peru, researchers found that cook stove intervention programs reduced the levels of 10 urinary hydroxylate polycyclic aromatic hydrocarbons metabolites (OH-PAHs) by 19-32%. The 10 OH-PAHs were 1-naphthol, 2-naphthol, 9-OH-Fluorene, 3-OH-Fluorene, 2-OH-Fluorene, 4-OH-phenanthrene, 3-OH-phenanthrene, 1-OH-phenanthrene, 2-OHphenanthrene and 1-OH-pyrene. However, even though the stove intervention program contributed to the reduction, these levels in Peru were still at or higher than the 95-th percentile levels in the USA [15] .
Key Factors that influence the Exposure from using Biomass for Cooking and Heating
Household Architecture
In China, researchers grouped residences based on the location of the cook stove relative to the rest of the household -houses with cook stove as part of the bed, cook stove in the common living area, and cook stoves that are outside and separate from the living area. They found that residents that cooked in living spaces and those that kept the stove on inside the bedroom (for heating) had higher and extended exposure to the pollutants. Guizhou province had the lowest level of CO concentrations as it had the best ventilation architecture, its chimneys extended outside the house, and they also had a porous attic design which aided the ventilation process [8] .
In Malawi, researchers found that compared to closed kitchens, kitchens with air exchange reduced PM2.5 1 hour concentrations by 93-98%. They also cited a 57-73% reduction in exposure for outdoor vs. indoor kitchens [18] .
In the Tibetan plateau, researchers found that households with open doors during cooking had 44% lower exposure to PM2.5 than those that did not. They also found that households that used a fan while operating the stove had 37% lower exposure of PM2.5. Walls restricting ventilation between stove area and kitchen -built with a good intention of limiting smoke from the living area -resulted in increasing the exposure by 73% and 50% during winter and summer to the cooks operating in the stove area [20] .
In Sri Lanka, researchers found that households that used a traditional stoves or stoves without a chimney, and those that had no ventilation sources in the house, had higher respiratory health conditions, correlating to the fact that lack of ventilation to move the smoke out, increases the exposure of the residents to the pollutants from cooking [11] .
External Pollution
In Ghana, researchers evaluated the influence of pollution from the smoke of biomass burning from the neighborhood in low socio economic status localities and found it to be a more significant influencer of internal household pollution due to the open courtyard nature of most houses [8] .
Other sources of PM such as smoking indoors, sweeping, dusting, burning of candles and incense sticks in the household, and the impact of nearby roadways and transportation-emissions are also found to be significant household air pollution contributors [7, 21, 22] .
In the Tibetan plateau, researchers found that in addition to pollution exposure from biomass burning -transfer of indoor smoke to outdoor via chimneys and ventilation -and the higher frequency of burning agricultural residue caused higher concentrations of PM2.5, and CO. The increase in local traffic during the peak tourist summer season also contributes to the same. Concentrations of NO2 and NO indoors were higher in the summer as well and these were mostly from the ambient air due to the formation of NO2 by the oxidation reaction of NO with ozone which is present in higher concentrations during summer [20] .
In the Chinese villages of Anchang and Meizi, researchers found that exhaust from gasoline and diesel contributed to 12.6% of PM2.5 exposure which primarily comprised of hopanes, black carbon, and n-alkanes. Homes in Anchang village had higher exposure from mobile sources due to closer proximity to highways (76 m). They also found that plant waxes emitted by the vegetable detritus, burning of outdoor plants, and vegetable cooking, contributed to 6.7% of total PM2.5 exposure. These comprised of C24-C31 n-alkanes and β-sitosterol. PM emissions such as PAH from pyrolysis (incomplete) combustion of organic matter including biomass, and others, such as coal burning, tobacco smoke, smelting, and unvented heating appliances contributed to 3% of the average PM exposure [21] .
A number of studies have also shown that industrial use of solid fuels such as brick kilns that use crop residue, coal, garbage, sawdust, tires, wood, etc., burning of agricultural residue in the open, and fossil fuel powered generators and automobiles, to be major contributors to ambient pollutant concentrations [17] .
Seasonal/Weather Impact
In Accra, Ghana, researchers analyzed the seasonal patterns and found that most of the crustal (coarse) particles peaked during the Harmattan period. Among these, SO4 2-was the lowest in rainy season when the rains remove the water soluble SO4 2-. They found that though, burning biomass and road dust were the primary contributors of coarse particles, the total concentrations increased by about 10 times during the Harmattan months during which resuspended PM from road dust (Fig. 8) and biomass burning contributed to additional exposure [16] . 
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Fig. 8 Booking using biomass in Ghana, and the influence of traffic and resuspended dust on particulate matter exposures [13] In the study of wood stove-induced indoor air pollution exposures in the Tibetan Plateau, researchers found that 48 h geometric mean exposures in the winter months for PM2.5 and carbon monoxide was twice as much (169 µg/m 3 ) as in the summer (80 µg/m 3 ). The authors presume a combination of less rain, leading to more dusty weather, and increased indoor heating with biomass could be a potential cause. Exposures to NO and NO2 were also higher in the winter due to the absence of sunlight. The average temperatures range from 4.6 °C in December to 23.4 °C in July [20] .
In the Chinese villages of Anchang and Meizi, researchers found that the exposure to secondary organic aerosols was higher in summer due to the high intensity of photochemical reaction-inducing solar flux. More wood was burned in winter for additional heating needs, increasing exposure to nearly twice as much in the summer. Exposure contribution from plant waxes was three times as much in winter (10.2 ± 21.2 μg/m 3 ) as more of vegetable detritus were used as fire starters [21] .
In India, researchers found a variation in the composition of PM across different seasons -summer, after the monsoon rains, and winter. As shown in Fig. 9 , the organic matter (OM) and secondary organic carbon (SOC) account for the majority of the mass of PM2.5 emitted. SOC was higher in winter, Sulfate and elemental carbon (EC) were higher in summer, and nitrate, chloride, and crustal material fractions were higher after the monsoon season [19] . Fig. 9 Contribution of different components to PM2.5 [19] 
Behavior of Residents
In Guatemala, researchers found that awareness of negative health impact on household air pollution to mothers, and telling them not to cook and care for their children at the same is much more effective in reducing exposure to pollution from biomass burning than providing subsidies for improved stove choices, or asking residents to move the cooking outdoors. It was found that even a modest increase in change in mothers' behaviors not to cook and care for the children at the same time is 10% more effective that having a 40% subsidy of gas stoves. If 75% of mothers changed their behaviors, the health impact is reduced to as much as the case if wood is completely eliminated from the cooking [4] .
In Southern Italian villages, researchers found that the behavior of the residents had an influence in the composition of pollutants indoors. They noticed an increase in pollutants (PM10, ultra-fine particles (UFP), and PAH) when the windows were closed at night (due to stagnation of the particles emitted from the cooking), and when residents lighted a cigarette. They also found that the biomass smoke concentration (PM and PAHs) were less for houses with larger ventilation systems, higher roofs, and found that there was no significant difference between the composition of particles emitted from a woodstove to that of a fireplace [7] .
In a review of a number of studies on intervention programs, researchers noted that behavioral change by residents can help reduce exposure to carbon monoxide and particulate matter by 31-94%. They include cooking outdoors, reducing cooking time, having adequate ventilation sources, cooking without leaning over the fire, and keeping children out of the cooking area [9] .
Socio-Economic Status
In Tirupur, South India, researchers found that in addition to homes with closed windows while cooking, and homes that allowed for smoking indoors, the highest biomass burning exposures were present in households with low socio economic status. Specifically, households with income less than 1,000 Indian Rupees (21 US Dollars) had residents who reported higher frequency of respiratory health systems [14] . Similar observations were also found in all other studies included in this review.
Choice of Biomass
In Malawi, researchers found that the exposure and impact on health depended on choice of fuel (rural -high and low quality firewood, urbancharcoal), stove type (rural -traditional three-stone, urban -metal charcoal stoves), and other environmental exposures (rural -biomass burning, urban -garbage burning, and vehicle emission exposure) [18] .
In a study in sub-Saharan African countries of Uganda and Cameroon, researchers found that by switching to biogas (chiefly methane produced from the fermentation of organic matter), from firewood and charcoal, mean 24 h PM2.5 exposures reduced from 448 µg/m 3 to 18 µg/m 3 -a significant decrease. They also found that 24 h mean carbon monoxide concentrations reduced from 14.2 ppm to 0.5 ppm. In addition, partial use of biogas with firewood is not as effective in reducing exposures and they recommended a full switching to biogas [23] .
In El Salvador, researchers found that electrification proved to reduce household air pollution exposures partly by their impact on reducing the use of kerosene as fuel. They found that houses that were connected to the grid for two years had a drop of 68% in the level of PM2.5, and also reduced the cases of respiratory infections in children by 8 to 14% [24] .
In Nepal, researchers compared several biomass fuels and it was found that ÅAE, NH3, organic acids, HCN, and BTEX compound (Benzene, toluene, ethylbenzene, xylene) emissions from dung fuel were higher than from wood-fuel cooking fires. Crop-residues emitted high concentrations of organic acids and SO2, while mixed garbage fuels emitted higher concentrations of black carbon and BTEX. Biogas was the found to be the cleanest biomass cooking fuel [17] .
In their study in the Tibetan plateau, researchers found that the use of cleaner LPG or electricity resulted in 37% les exposure to PM2.5 than biomass. They also found that using wood-charcoal or electricity for heating during winter resulted in 25% less exposure than biomass. An overview of the different fuel combinations used by various households for cooking and heating is provided in Fig. 10 [20] . 
The Need to Transition to Cleaner Source of Fuel, and Its Challenges
With its innate pollutant-emitting nature, it is critical that governments in countries with high biomass use as fuel, implement measures to support its people to transition towards cleaner sources of fuel and high efficient cooking devices. There is an abundance of research on this topic that has shown that improved biomass cook stoves, such as cook stoves with chimneys [11, 15] and cook stoves with higher combustion efficiency and those that use cleaner fuels have helped reduce exposure from biomass burning. Other studies have shown that, on both global and regional (Nepal, Kenya, and Sudan) levels, there are several economic benefits and time savings of household energy interventions such as switching to cleaner fuels, and using improved cook stoves [25, 26] . However, there are a number of challenges towards an efficient and effective transition in this field.
Intervention Programs and Their Inefficiencies
Several governments, non-governmental agencies, and philanthropic societies have implemented intervention programs to increase awareness, distribute improved cook stoves, and supply cleaner fuel alternatives to the poor and rural communicates that use biomass as fuel. However, a number of studies have shown that they have not had the expected effect in improving the health conditions [10, 26] . In most cases, this is because such programs are poorly targeted and not a lot of thought has been put into supporting their adoption by communities that stand to benefit the most from them [27] . Thus, in some cases the cookers are sparely used (10-20% never used, and 20-30% only used intermittently), and sometimes residents resorted to using their traditional cooking stoves and styles. In other cases, while there are direct economic and time savings, the direct health benefits are minimal [26] . Researchers also found that in China, the household monthly cost for fuel use is nearly the same for rural and urban areas (Fig. 11) , a major detriment towards enabling rural households to get better access to cleaner fuel choices [30] . Fig. 11 Households' monthly fuel cost for rural and urban areas in China [30] Researchers found that in Peru, two cook stove intervention programs with chimneys were effective in reducing exposures, however, they could have yielded better results if the program realized that residents used wooden sticks as fuel, a part of which sticks out of the cook stove leading to soot formation and increased exposure [15] . Moreover, people's perception of these interventions significantly influences their adoption. For example, in Uganda the high cost of improved technology sways people more than the intended health benefits of reduced pollution [2] . Other motivators include durability, fuel efficiency, affordability, starting and cooking times, and availability of maintenance options [2] . The stoves are shown in Fig. 12 . [29] In another study in Mexico, while cooks recognized the health benefits with improved wood-burning cook stoves (Patsari) in reducing exposure to mean 24 h PM2.5 exposure by 35% and mean 48 h carbon monoxide exposures of 77%, they did not want to give up their old stoves because of tradition and cooking preference [28] . Still others were discouraged by the apparent change in taste of food cooked in aluminum pans on LPG stoves as opposed to cooking in clay pots (Fig. 13 ) on traditional biomass stoves [29] .
Looking to the Future
Studies have shown that with a 10% increase in household assets and 10% increase in income, the choice of cleaner cooking and heating fuel increases by 7% and 2% respectively [30] . They also found that while household income can influence purchase of cleaner fuels, their sustenance depends on the amount of net household assets (Fig. 14) [30] .
Fig. 14 Household cooking fuel distribution by asset and income quintiles (Q1 -lowest income quintile, Q5 -highest income quintile) [30] Education levels, and accessibility to sources of clean fuel also improve choice of clean fuels. Studies to identify the cost effectiveness of various intentions program have shown that cost savings from benefits in terms of reduction of disability adjusted life years (DALY), i.e. the amount of years lost due to disability as a result of health impacts from emissions, outweighs the costs, however, such analysis is only performed in few countries and varies greatly by region [25] .
Governmental programs should be improved to target chief decision makers -mostly women [31] in developing countries to see the long term positive benefits for their children and themselves. In a study spanning Brazil, Nicaragua, Vietnam, India, Ghana, Nepal, Guatemala, and South Africa, it was found that modern fuel choices are only adopted by higher income groups in countries of low income [27] , they also found a direct correlation of uptake of modern fuels with electrification of households. In addition, there are not a lot of incentives to switching to clean fuels. Price subsidies are often high in costs, and are poorly targeted, and usually have poor quality products [3] . In poor communities in Sri Lanka, the use biomass fuels is the norm because of a lack of support for switching to cleaner fuels and stoves, financial risks, lack of awareness on the health impacts, and a lack of motivation to switch [32] .
Thus, governments and NGOs must work closely with the rural communities that they target for various intervention programs and construct a holistic structural setup to encourage and sustain the adoption of various invention measures.
Critique
In Sri Lanka, researchers only used a small sample size of 53 homes and only surveyed the PM impacts on the cooks and the children, ignoring the other adults in the house. They also used PM monitors attached to the stove as a surrogate for the PM exposed to children which is an erroneous assumption as it does not take into consideration that the children do not always stay near the cook stove [11] .
In China, researchers acknowledged that the concentrations of CO and SO2 could not be comprehensively captured as they were so high and extended beyond the detection limit of the diffusion tubes. They also stated that due to cost limitations, they had fitted SO2 sensors only in one of two regions that used coal and were expected to have more SO2 readings than the others [8] .
In the study done in Nepal, the estimation of exfiltration via indirect methods i.e. through cracks in roofs etc. after the fuel was removed assumes that the same extent of exfiltration happens with and without fuel burning which is not true as the dispersion of particles is not the same with and without the hot fuel [6] .
In a South Indian study, researchers could not capture almost half of the households that had CO levels less than the detection limit of the device in Tirupur, South India. They employed continuous monitoring for only 4 hours, which is insufficient considering the standard WHO guidelines for PM2.5 concentrations are based on 24 hours [14] .
In a review of various intervention programs, the reviewers noted that even with the review of 55 studies, they had insufficient data to assess the risk of bias using the Effective Public Health Practice Project Quality Assessment Tool (EPHPP). Every study had differing amount of information which could affect the scale. They also note that most studies on the effectiveness of intervention programs are usually limited with budget and time and do not give a holistic picture of the effectiveness of the intervention [9] .
In their study on cost effectiveness analysis of intervention programs, the researchers point out that some of the assumptions used in their analysis favored the use of intervention programs, such as the assumption of the use of efficient improved cook stoves that meets all the needs of the household, and assuming a complete switch from traditional to improved cook stoves. In reality, the stove performance declines over time, and many households use more than one cook stove or fuel type [25] .
Conclusion
Biomass is cheap and easy to obtain, thus it is difficult to be replaced as the primary source of fuel in many low and middle income countries. The smoke emitted from biomass has significantly high concentrations of toxic chemicals, and particulate matter which is responsible to numerous respiratory health syndromes -particularly in women and children who spend the most time at home cooking. The health risk from biomass cooking is recognized globally and a number of intervention programs have with been implemented with the support of government and nongovernmental organizations. Various strategies have been employed such as the installation of new cook stoves, more efficient cook stoves, cook stoves with chimneys, etc. While economic benefits form the use of these cook stoves are documented, many programs have failed to create significant adoption by various communities due to a number of reasons which include lack of targeted advertising, lack of support services to the poor and rural communities, high cost, high cost of maintenance, and shortage in awareness programs on the health benefits, etc. As such, studies on significant health benefits from the implementation of these intervention programs are currently limited. Looking to the future, governments and non-governmental agents must work closely with rural communities, study their way of cooking and the supply chain of their cooking fuel, and implement efficient and holistic intervention programs, with continuous education initiatives, and ensure the continuous provision of support services to improve the adoption and effectiveness of these intervention programs. Finally, more support and funding is required to fund holistic and comprehensive evaluations of the effectiveness of various intervention programs.
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